ABSTRACT. Metabolic balance studies were performed with six normal infants fed in a balanced cross-over design three formulas differing only in calcium concentration: 389, 659, and 1024 mgjliter, Absorption of phosplrorus was significantly affected by increasing calcium intake decreasing from 68 to 63 to 52% of intake. However, since urinary excretion of phosphorus also decreased, there was no significant effect on retention of phosphorus. Absorption of fat was slightly (but significantly) depressed by calcium, decreasing from 97.5 to 95.5 to 92.1% as calcium intake increased. 'The level of dietary calcium bad no significant effect on absorption or retention of nitrogen, magnesium, copper, and zinc. One of the subjects had consistently lower absorption of calcium and fat than the other subjects, suggesting an absorptive defect. The decrease in fractional absorption of calcium (57 to 47 to 39% of intake) with increasing intake of calcium is compatible with adaptive regulation. On the other hand, the observation that absorbed calcium (mg/kg/day) was linearly related to intake of salcium with a slope of 0.373 suggests an alternative explanation: constant passive, concentration-dependent (slope), and constant active (y-intercept) transport of calcium over the range of calcium intakes. Thus, the findings are explainable in more than one way and do not necessarily demonstrate regulatory changes. (1) (2) (3) (4) and in human subjects (5-71, including the premature infant (8). High dietary intake of calcium also has been shown to depress absorption of fat in animals (9, 101, children ( I 1) and infants, both preterm (8, 12) and t e r n (13, 14). A negative effect of high calcium intake on absorption of zinc has been demonstrated in animal studies (1 5-18), but balance studies in adult humans have not confirmed this effect (19) (20) (21) (22) . Absorption of copper does not seem to be influenced by dietary calcium
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intake of calcium, but not depressed by high intake (1, 24) . In the normal human infant systematic studies of the effect of varying dietary intakes of calcium on the absorption of other nutrients are lacking. The study repofled herein was undertaken to provide such data.
A further goal of the present study was to examine the effect of varying levels of calcium intake on absorption of calcium and on other parameters of calcium balance. Low dietary intake of calcium leads to increased fractional absorption (i.e. absorption expressed as percent of intake), whereas high intake is associated with low fractional absorption. This adaptive response has been demonstrated in various animal species (4, (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) as well as in adult man (24, 35, 361, but not in infants. It involves the active, saturable component of calcium absorption (27, 32) and is vitamin D dependent (25, 37) . We hypothesized that in infants fractional absorption of calcium would be less at high than at low calcium intake.
Balance studies were performed with three specially prepared formulas similar in composition except for calcium content, which ranged from about 400 to 1000 mg/liter, 1.e. from a calcium concentration somewhat greater than that of human milk to a concentration approaching that of whole cow milk. The formulas were based on soy protein isolate because of the ease with which mineral content of soy formulas can be modified.
SUBJECTS
Six normal Caucasian infants (one female and five males) who weighed more than 2500 g at birth served as subjects. They were admitted to the Lora N. Thomas Metabolic Unit for balance studies, usually at intervals of 2 wk. The study was approved by the University of Iowa Committee on Research Involving Human Subjects. Before enrollment one or both parents visited the unit to observe procedures involved. The purpose of the study and the procedures were explained In detail and written consent was obtained. In our unit infants are enrolled during the first weeks of life and usually participate in several studies in sequence. Before participating in the present study, all but two subjects (2492 and 2493) had participated in other studies. All had been fed since birth commercially prepared formulas or formulas with similar Ca and P content and providing 400 IU/ liter of vitamin D. If subjects became ill during the days before a scheduled balance study, the study was cancelled; if they became ill during a study, it was discontinued. In either case the study was then rescheduled 2 wk after the original date. Illness of the infant and, in the case of subject 2493, staff vacation, increased intervals between some studies. As may be seen from Figure 1 , the infants ranged in age from 22 to 367 days.
STUDY DESIGN
The basic design is evident from Figure 1 . Each subject had two balance studies with each of the three formulas. A repeated measures design was used, where the formula formula MCa was always studied between studies of the other formulas. One-half of subjects were to be studied initially while being fed formula LCa and one-half while being fed formula HCa. However, in the case of subject 2493 the two initial balance studies with formula LCa had to be cancelled due to illness. By oversight, the infant was then fed formula HCa and had the first balance study 11 days later. Thus. four of the six infants were first studied with formula HCa and two with formula LCa.
FEEDINGS
The three formulas were of nearly identical composition (Table  l) , except for source and concentration of calcium and for source of phosphorus. Each was prepared in one batch by Ross Laboratories, Columbus, OH. The formulas wcre supplied in readyto-feed form in quart cans. All three formulas were prepared from sov rotei in isolate with lactose as the carbohydrate and coconut-and soy oils as the fat. With the exception bf calcium and phosphorus, minerals were provided from identical sources and were present in nearly identical concentrations. Four salts of calcium were used in different combinations (Table 1 ) to achieve the desired calcium concentrations of about 400, 700, and 1000 mg/liter respectively, and phosphorus concentration of about 500 mglliter. As is evident from table 1, actual concentrations of Ca and P were within 6% of these target concentrations.
A particular formula was fed for at least 11 days before the first balance study was performed and, consequently, was fed for at least 25 days before the second balance study. Cancellations of studies led to longer periods of feeding before some balance studies. Fortuitously, this occurred only with formula MCa, which was fed for 25 days before two of the first balance studies and for 39 days before four of the second balance studies.
Whereas infants less than 120 days of age received no foods other than formula, modest amounts of commercially prepared cereals, fruits and vegetables from one manufacturer (Gerber Products Co., Fremont, MI) were permitted beyond that age. These foods, selected for their low content of calcium and phosphorus, provided no more than 8% of calcium intake and 13% of phosphorus intake during individual balance studies.
Mctabolic balance studies of 72 h duration were carried out in the manner previously described (38) . Intake of nutrients was calculated from the weighed intake of foods and the determined nutrient concentrations. Net absorption was calculated as intake minus fecal excretion, and net retention was calculated as intake tt From CaHP04 (46%), CaC03 (46%) and Ca (H2PO4).H20 (8%) $$ From Ca3(P04)2 (62%) and CaC03 (38%).
$9
Includes approximately 90 mg/liter as phytate-phosphorus from soy protein isolate. minus total (fecal plus urinary) excretion. Glassware used fix collection and storage of feces and urine was machine washed, then immersed in 3 N nitric acid, and rinsed with deionized water. During balance studies, feces and urine were kept at 4" (2, and care was taken to avoid contamination with trace minerals. The entire fecal collection was weighed and homogenized with a Teflon blade and a weighed amount was removed for trace mineral analysis. A 10% (by weight) aliquot of the homogenate was removed, acidified with 1 ml concentrated HCI and made into a slurry by adding deionized water to a volume of 200 nil. The slurry was stored at room temperature until analyzed. Volume of the 72-h urine collection was determined. A portion was removed and stored at 4" C in plastic bottles for trace mineral analysis. Another portion was acidified with concentrated HC1 and stored in glass bottles at room temperature until analyzed.
All determinations were performed in duplicate and resu'lts were averaged. In the case of formula and other foods, each of three samples were analyzed in duplicate. In feces, fat was analyzed by the method of Van de Kamer et al. (39) , and nitrogen by the micro-Kjeldahl method, as described previously (40) . For determination of Ca, Mg, and P. food and feces (slurry) were dried at 100" C, ashed at 540" C overnight, and ashes dissolved in dilute HCI. Urine was analyzed without ashing. Calcium and magnesium were determined by atomic absorption spectrophotometry (Perkin-Elmer model 303). Phosphorus was determined by a minor modification of the method of Fiske and Subbarow (4 1).
For copper and zinc determinations, samples of food and feces were placed in porcelain crucibles, dried at 100" C, ashed for 12 h at 400" C. and ashes dissolved in N nitric acid. Individual values for fractional absorption of phosphorus are presented in Figure 2 . Fractional absorption was higher ( p < 0.04) during second than during first balances; however, the order effect was not statistically significant for any other parameter of phosphorus balance. Values for subject 2492 were not different from those for the other subjects.
Other nutrients. Because fecal excretion of magnesium remained practically constant despite slightly greater intakes of magnesium from formulas MCa and HCa than from formula LCa, net absorption of magnesium increased slightly with increasing calcium intake ( Table 2 ). The increase was of questionable statistical significance: absorption with HCa was greater than with LCa ( p < 0.05), but the overall effect (F test) was not statistically significant. There was no order effect and data for subject 2492 were not different from data for the other five subjects.
As indicated in Table 3 , mean intakes of copper and zinc were similar with the three formulas. Mean fecal excretions were nearly equal to intakes. No significant differences due to different intakes of calcium were noted in any of the parameters of copper and zinc balance. Only small amounts of copper and zinc were excreted in the urine and data have therefore not been included in Table 3 . There was no order effect and data for subject 2492 were not noticeably different from data for the other subjects.
Only minor differences between formulas were noted in parameters of nitrogen balance (Table 3 ). There was no order effect for urinary excretion or retention of nitrogen, but a significant ( p < 0.02) order effect was present for fecal excretion and absorption, both absolute and fractional.
Absorption of fat (percentage of intake) decreased significantly ( p < 0.01, F test) with increasing intake of calcium (Table 3) .
The difference between formulas LCa and MCa was not significant, but fat absorption from formula HCa was significantly ( p < 0.05) less than from formula LCa. there was no order effect. However. subject 2492 absorbed fat significantly ( p < 0.01) less efficiently than did the other subjects. Fecal excretion of calcium was significantly correlated (r = 0.807, p < 0.001) with fecal excretion of fat. Figure 3 . In addition to the decrease in fractional Figure 4 . Excluding results for subject 2492, whose atypical performance is again evident, the relationship is strong ( r = (42) (43) (44) .
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0.904) and linear over the range o f calcium intakes. The equation describing this relationship is presented in Table 4, along with equations describing the relationships o f the other parameters o f calcium balance to intake o f calcium. O f note is the positive yintercept o f the regression o f both absorption and retention on intake o f calcium.
DISCUSSION
This study has shown that in normal infants increasing the intake o f calcium is associated with decreased intestinal absorption o f phosphorus and fat. No effect on absorption o f copper, magnesium, or zinc was demonstrated. Increased intake o f cal-
The main purpose o f this study was to examine the effect o f varying levels o f dietary calcium on the absorption o f other nutrients. In agreement with the literature, higher intakes o f calcium were associated with decreased absorption o f phosphorus and fat. In both cases the effect o f dietary calcium was unequivocal and dose dependent. As already noted, absorption o f phosphorus is decreased at high calcium intakes in animals ( l -4 ) adult humans (5-73, and premature infants (8). The present findings thus confirm the literature and extend it to the normal term infant. 'The study also confirms the results o f others (2-8) that urinary excretion of phosphorus decreases as absorption o f phosphorus decreases. Because the decreased urinary excretion o f phosphorus largely compensated for the decreased absorption, there was no net effect on phosphorus retention.
As noted, the depressant effect o f high dietary calcium on absorption o f fat has been recognized for many years (8) (9) (10) (11) (12) (13) (14) . Although statistically significant in the present study, the decrease in fat absorption at the higher calcium intake was not large enough to be o f clinical significance. The fat mixture used was on the whole well absorbed. With less well absorbed fats, such as butterfat, the depression o f absorption by high dietary calcium intake may be much greater (1 3, 14) . Calcium most likely impairs fat absorption by inhibiting the partition o f long-chain saturated fatty acids from the oil phase to the micellar phase (45) .
No effects o f calcium intake were observed on absorption o f magnesium, copper, and zinc. In the case o f magnesium and copper this was to be expected on the basis o f available data ( 1 , 19, 20, 23, 24 (Fig. 4) was essentially linear with a positive y-intercept. When data were expressed as mg/day (rather than mg/kg/day), the relationship (not shown) was similar, although at higher intakes of calcium, absorption tended to level off. This relationship is very similar to the linear portion of the curvilinear relationship observed between calcium absorption and intraluminal calcium concentration with the ligated loop method (32) or calcium concentration on the mucosal side with the everted sac technique (46) . If this analogy is valid, the slope of the regression equation (0.373) observed in the present study describes the nonsaturable component of calcium absorption, whereas the yintercept (13.2) describes the saturable component. If this interpretation is correct, the present data suggest that there was either no adaptive change in the saturable component of calcium absorption or that a change, if present, was too small to be detectable. The literature provides little information regarding the time required for the response to take place and lack of an adaptive change might have been due to insufficient time for the response to occur. It is possible also that the dietary calcium levels used in the present study were not high enough to provoke adaptive down-regulation, and not low enough to provoke upregulation. However, we (unpublished observations) have found a linear relationship between absorption and intake of calcium even for a much wider range of intakes. Data from 174 balance studies in normal infants fed human milk, milk-based formulas, or whole cow milk, with intakes of calcium ranging from 15 to 390 mg/kg/day, showed a strong (r = 0.85 1, p < 0.001) linear relationship described by the equation, absorption = 0.394 x intake + 1.2 (all values in mg/kg/day).
The observed order effect on absorption of calcium and phosphorus (i.e. higher absorption during the second balance study than during the first) was most evident in studies with formula MCa, the only formula that was at times fed for more than 1 1 days before the first balance period and for more than 25 days before the second balance period. It appears likely that intercurrent illnesses, responsible for the relatively long prebalance feeding intervals, were somehow responsible for the observed order effect, although it remains unclear whether the association resulted from the illnesses per se, or the prolonged prefeeding periods caused by the illnesses. In this context it may be relevant that we have previously observed (unpublished observations) temporarily depressed calcium absorption in infants experiencing minor febrile and afebrile illnesses. It appears unlikely that the order effect represents an adaptive response to the level of dietary calcium intake because, at least at the highest calcium intake, one would have expected a downward rather than an upward adjustment of calcium retention with the duration of feeding.
Subject 2492 was a healthy, thriving boy with no clinical evidence of gastrointestinal disease before or during the balance studies or during a 4'/2-yr follow-up period. After the present study, he continued to show poor absorption of calcium and fat in other balance studies. He was the youngest subject in the present study and although his calcium absorption increased with age, this can be explained by the progression from formula LCa to MCa to HCa (Fig. 3) . We have not previously been able to demonstrate age-related changes in calcium absorption in fullterm infants (42; unpublished observations). In this study there was no age-effect when data for subject 2492 were excluded. Although absorption of calcium and fat were consistently lower in this subject than in the other five subjects, the absorption of other nutrients was not noticeably affected. Increased fecal excretion of fat (47) (48) (49) as well as impaired digestion of lactose (50, 5 1) have been shown to be associated with impaired absorption of calcium. However, if impaired absorption of fat or lactose had been the primary defect, one would have expected some recognizable clinical correlate and probably poor absorption of other nutrients. Although an age-effect or a primary defect of fat or lactose absorption cannot be ruled out, it appears that this infant may have had a primary defect of calcium absorption. The fact that absorption of calcium (mg/kg/day) of this subject was very little influenced by the intake of calcium (Fig. 4) suggests that the defect was in the passive diffusive component rather than in the active, saturable component of calcium absorption.
